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I. INTRODUCTION ANHAM [l] first demonstrated the visible photolu-
c m inescence from porous silicon (PS), after that most efforts have been focused on its photoluminescence mechanism. Brandt et al.
[2] compared the optical property and the structure of anodically oxidized porous silicon with that of chemically synthesized siloxene and its related compounds showing that they have similar spectra. Manuscript received December 22, 1992; revised March 5, 1992 . This work was supported by the National Science Council of the Republic of China.
The authors are with the Department of Physics and the Department of Electrical Engineering, National Tsing Hua University, Hsin Chu, Taiwan, ROC. IEEE Log Number 9209611.
They hypothesized that visible light emission from PS depends on specific chemical bonding of silicon with hydrogen and/or oxygen atoms. The Fouries transform infrared-red (FTIR) spectra [3], [4] of PS indicate the existence of stretching modes of Si = 0 and Si-H bonds, suggesting the absorption or bonding of heteroatoms or molecules on the wall surface after electrochemical etching. The detection of optical second-harmonic generation (SHG) from PS is a sensitive method to probe the surface character. Some interesting properties of PS such as structure orientation, distribution of absorbed molecules, and the variation of chemical composition, can be determined by SHG. In this work, we attempt to elucidate the technique of SHG as a probe to the surface of PS. The technique of surface SHG is based on the fact that a second-order process imposed by electric dipole is forbidden for media with crystallographic inversion symmetry. Consequently, the SH signal generated from the interface of a centrosymmetric conducting medium originates mostly from the electric quadrupole components within the selvedge region, with a minor part coming from the magnetic dipole term within the skin-depth region. Con-sidering the large surface to volume ratio of PS with the adhesion of Si-O-H bonds on the wall surface, the pronounced second-order susceptibility of PS, which is denoted as , y : ' ) , is proposed to arise from the molecules on the porous surface. The second-harmonic intensity in the reflected direction is expressed by [61 where E ( W ) and ~( 2~1 are the dielectric constants of the medium for the fundamental and SH field respectively; and I?, and I?,, are the propagating vectors of the pump and SH field with a proper calibration from the Fresnel factor, respectively.
If the fundamental wave is p-polarized in the xz plane, where z is normal to the surface, then the only nonvanish- The samples prepared in this experiment are described as follows. The unpolished sides of (111) and (100) p-type silicon wafers are coated with silver film by dc sputtering to yield a good ohmic contact. The PS layers are formed by anodizing these wafers in 48wt.% H F and 98wt.% C, H,OH solution under a constant current density of 50-110 mA/cm2 at an etching time of 15 min. The photoluminescence of PS can be checked by exciting with the 514 nm line of an argon ion laser at room temperature and is shown in Fig. 1 .
The experimental setup for the detection of SHG has been described elsewhere [7] , [SI. The light source is a Coherent product Model 76-5 Q-switched and mode locked Nd:YAG Laser. In this experiment, the incident angle is selected at 45" in order to yield a larger signal and for easier arrangement of the position of the filters and photomultipliers. The measured maximum secondharmonic reflections coefficients for the (100) and (111) cm2/W, respectively which is almost two-orders of magnitude greater than that of silicon substrate (i.e., 2.50 X cm2/W). As the sample surface is continuously irradiated by the laser pulses for a duration longer than 30 s, the SH intensity sharply drops to the value of the basic silicon wafer. The decay rates of the SH reflectance for the (100) and (111) PS surface are shown in Figs. 2 and 3, respectively. The rapid decay of the SHG under the irradiation of a low laser pulse of 0.2 W irradiation is suggested to be due to the thermal breaking of the weak Si-O-H bonds which are crucial to the generation of SH light in PS. The intensity of SHG is recovered when one changes the position of irradiation spot.
Owing to the surface roughness of the porous silicon, the divergent factor of the beam profile due to surface scattering is about 4. This factor should be included in the estimation of the nonlinear susceptibility. Inplementing (1) and (2), we obtain the ,y:,'iZz for the (loo), (111) surfaces of PS and silicon substrate to be 1.968 X lo-' esu, 1.114 X esu and 9.84 X esu respectively.
The other two terms x~,2ixz and x:,,iXx are almost one or two orders of magnitude lower than their corresponding x~, 2~z z terms. With regard to the origin of the SHG from PS, there are two possibilities. It can arise entirely from the surface, or the bulk. According to the bond charge model [91, [lo] , the ensemble average of the coordinates 6 in q orders is ((,) 
where A is the hybridization factor for the molecular orbits, and B, is the orientation average factor. For silicon and oxygen molecular bonds, we have &i = 1/2& + 6/24',, and & = cpZp. Therefore, where N, is the density of absorbed molecules per unit area on the surface in which the S i 0 molecules are considered to be like long rods aligned in the 6 axis which inclines with 2 by angle 8. The microscopic susceptibility estimated from the bond charge model is about 1.2 X esu. Assuming a maximum value of N, = 1016/cm2, and with a 8 = 15", we can calculate the surface nonlinear susceptibility which is much smaller than the experimental results. The extraordinarily high for PS may be attributable to the high surface to volume ratio of the Si-0-H bonds [2], [11] absorbed on the well walls.
In conclusion, we have, for the first time, observed the SHG of PS which has an intensity of two orders of magnitude greater than its original silicon wafers. The SHG rapidly decays by the irradiation of laser pulses as is presumed to be due to the breaking of the Si-0-H bonds which are attached on the porous wall surface and are crucial to the anharmonic oscillations.
